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1
WIND TURBINE LIFETIME ESTIMATOR

BACKGROUND OF THE INVENTION

The subject matter described herein relates generally to
methods and systems for performance control of wind
turbines and wind parks, and more particularly, to methods
and systems for control of the performance of wind turbines
and/or wind parks.

Generally, a wind turbine includes a turbine that has a
rotor that includes a rotatable hub assembly having multiple
blades. The blades transform wind energy into a mechanical
rotational torque that drives one or more generators via the
rotor. The generators are sometimes, but not always, rota-
tionally coupled to the rotor through a gearbox. The gearbox
steps up the inherently low rotational speed of the rotor for
the generator to efliciently convert the rotational mechanical
energy to electrical energy, which 1s fed 1into a utility grid via
at least one electrical connection. Gearless direct drive wind
turbines also exist. The rotor, generator, gearbox and other
components are typically mounted within a housing, or
nacelle, that 1s positioned on top of a base that may be a truss
or tubular tower.

Some wind turbine configurations include double-fed
induction generators (DFIGs). Such configurations may also
include power converters that are used to convert a fre-
quency of generated electric power to a frequency substan-
tially similar to a utility grid frequency. Moreover, such
converters, 1 conjunction with the DFIG, also transmuit
clectric power between the utility grid and the generator as
well as transmit generator excitation power to a wound
generator rotor from one of the connections to the electric
utility grid connection. Alternatively, some wind turbine
configurations include, but are not limited to, alternative
types of induction generators, permanent magnet (PM) syn-
chronous generators and electrically-excited synchronous
generators and switched reluctance generators. These alter-
native configurations may also include power converters that
are used to convert the frequencies as described above and
transmit electrical power between the utility grid and the
generator.

Known wind turbines have a plurality of mechanical and
clectrical components. Fach electrical and/or mechanical
component may have independent or different operating
limitations, such as current, voltage, power, and/or tempera-
ture limits, than other components. Moreover, known wind
turbines typically are designed and/or assembled with pre-
defined rated power limits. To operate within such rated
power limits, the electrical and/or mechanical components
may be operated with large margins for the operating
limitations. Such operation may result 1n ineflicient wind
turbine operation, and a power generation capability of the
wind turbine may be underutilized.

BRIEF DESCRIPTION OF THE INVENTION

In one aspect, A method of operating at least one wind
turbine 1s provided, comprising: determining a plurality of
stress events of at least one component of the at least one
wind turbine; determining at least one accumulated stress
from at least two of the plurality of stress events; determin-
ing at least one residual lifetime based at least partially on
the at least one accumulated stress.

In another aspect, a method of operating at least one wind
turbine 1s provided, comprising: determining a plurality of
stress events of at least one component of the at least one
wind turbine; determining at least one accumulated stress
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from at least two of the plurality of stress events; and
adjusting at least one operational setting of any of the at least
one wind turbine; wherein the adjusting 1s at least partially
based on the at least one accumulated stress

In yet another aspect, a wind turbine 1s provided, com-
prising: a tower supporting a nacelle, the nacelle supporting
at least one blade for receiving wind energy, and at least one
controller; the controller 1s adapted for: determining a plu-
rality of stress events of at least one component of the wind
turbine, wherein the at least one component 1s a pitch, yaw,
or generator component; determining at least one accumus-
lated stress from at least two of the plurality of stress events;
determining at least one of: at least one residual lifetime at
least partially based on the at least one accumulated stress,
and at least one consumed lifetime at least partially based on
the at least one accumulated stress; and adjusting at least one
operational setting of any of the at least one wind turbine.

Further aspects, advantages and features of the present
invention are apparent from the dependent claims, the
description and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

A 1ull and enabling disclosure including the best mode
thereof, to one of ordinary skill 1n the art, 1s set forth more
particularly 1n the remainder of the specification, including
reference to the accompanying figures wherein:

FIG. 1 1s a perspective view of a portion of an exemplary
wind turbine.

FIG. 2 1s a schematic view of an exemplary electrical and
control system suitable for use with the wind turbine shown
in FIG. 1.

FIG. 3 1s an exemplary diagram of a method of operating
a wind turbine.

FIG. 4 1s an exemplary stress histogram.

FIG. 5 1s an exemplary S-N curve and S-N histogram.

FIG. 6 1s an exemplary diagram of a method of operating,
a wind turbine.

FIG. 7 1s an exemplary diagram of a method of operating,
a wind turbine.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Retference will now be made i detail to the various
embodiments, one or more examples of which are 1llustrated
in each figure. Each example i1s provided by way of expla-
nation and 1s not meant as a limitation. For example, features
illustrated or described as part of one embodiment can be
used on or in conjunction with other embodiments to yield
yet further embodiments. It i1s intended that the present
disclosure 1includes such modifications and variations.

The embodiments described herein include a wind turbine
system that determines accumulated stress that can be used
in order to mnform the further operation of the wind turbine,
for example by adjusting the operation of the wind turbine
to 1ncrease energy capture and/or reduce stress. In addition,
embodiments described herein include a method of operat-
ing at least one wind turbine which can adjust operation, as
appropriate, to increase annual energy production and/or
increase the operational lifetime of the wind turbine.

As used herein, the term “histogram of stress events”™ 1s
intended to be representative of data associated with stress
events on a wind turbine and/or component thereotf, such as
a stress spectrum. As used herein, the term “blade” 1is
intended to be representative of any device that provides a
reactive force when 1n motion relative to a surrounding fluid.
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As used herein, the term “wind turbine” 1s intended to be
representative ol any device that generates rotational energy
from wind energy, and more specifically, converts kinetic
energy of wind into mechanical energy. As used herein, the
term “wind generator” 1s intended to be representative of
any wind turbine that generates electrical power from rota-
tional energy generated from wind energy, and more spe-
cifically, converts mechanical energy converted from kinetic
energy of wind to electrical power.

FIG. 1 1s a perspective view of a portion of an exemplary
wind turbine 100. Wind turbine 100 includes a nacelle 102
housing a generator (not shown 1n FIG. 1). Nacelle 102 1s
mounted on a tower 104 (a portion of tower 104 being
shown 1 FIG. 1). Tower 104 may have any suitable height
that facilitates operation of wind turbine 100 as described
herein. Wind turbine 100 also includes a rotor 106 that
includes three blades 108 attached to a rotating hub 110.
Alternatively, wind turbine 100 includes any number of
blades 108 that facilitates operation of wind turbine 100 as
described herein. In the exemplary embodiment, wind tur-
bine 100 includes a gearbox (not shown in FIG. 1) opera-
tively coupled to rotor 106 and a generator (not shown in
FIG. 1).

FIG. 2 1s a schematic view of an exemplary electrical and
control system 200 that may be used with wind turbine 100.
Rotor 106 includes blades 108 coupled to hub 110. Rotor
106 also 1includes a low-speed shaft 112 rotatably coupled to
hub 110. Low-speed shait 112 1s coupled to a step-up
gearbox 114 that 1s configured to step up the rotational speed
of low-speed shaft 112 and transfer that speed to a high-
speed shait 116. In the exemplary embodiment, gearbox 114
has a step-up ratio of approximately 70:1. For example,
low-speed shaft 112 rotating at approximately 20 revolutions
per minute (rpm) coupled to gearbox 114 with an approxi-
mately 70:1 step-up ratio generates a speed for high-speed
shaft 116 of approximately 1400 rpm. Alternatively, gearbox
114 has any suitable step-up ratio that facilitates operation of
wind turbine 100 as described herein. As a further alterna-
tive, wind turbine 100 includes a direct-drive generator that
1s rotatably coupled to rotor 106 without any intervening
gearbox.

High-speed shait 116 1s rotatably coupled to generator
118. In the exemplary embodiment, generator 118 1s a
wound rotor, three-phase, double-fed induction (asynchro-
nous) generator (DFIG) that includes a generator stator 120
magnetically coupled to a generator rotor 122. In an alter-
native embodiment, generator rotor 122 includes a plurality
of permanent magnets in place of rotor windings.

Electrical and control system 200 includes a turbine
controller 202. Turbine controller 202 includes at least one
processor and a memory, at least one processor mput chan-
nel, at least one processor output channel, and may include
at least one computer (none shown in FIG. 2). As used
herein, the term computer 1s not limited to itegrated circuits
referred to 1n the art as a computer, but broadly refers to a
processor, a microcontroller, a microcomputer, a program-
mable logic controller (PLC), an application specific inte-
grated circuit, and other programmable circuits (none shown
in FIG. 2), and these terms are used iterchangeably herein.
In the exemplary embodiment, memory may include, but 1s
not limited to, a computer-readable medium, such as a
random access memory (RAM) (none shown in FIG. 2).
Alternatively, one or more storage devices, such as a floppy
disk, a compact disc read only memory (CD-ROM), a
magneto-optical disk (MOD), and/or a digital versatile disc
(DVD) (none shown 1n FIG. 2) may also be used. Also, 1n

the exemplary embodiment, additional input channels (not
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shown 1n FIG. 2) may be, but are not limited to, computer
peripherals associated with an operator iterface such as a
mouse and a keyboard (neither shown in FIG. 2). Further, in
the exemplary embodiment, additional output channels may
include, but are not limited to, an operator interface monitor

(not shown 1n FIG. 2).

Processors for turbine controller 202 process information
transmitted from a plurality of electrical and electronic
devices that may include, but are not limited to, voltage and
current transducers. RAM and/or storage devices store and
transier information and instructions to be executed by the
processor. RAM and/or storage devices can also be used to
store and provide temporary variables, static (i.e., non-
changing) information and instructions, or other intermedi-
ate i1nformation to the processors during execution of
instructions by the processors. Instructions that are executed
include, but are not limited to, resident conversion and/or
comparator algorithms. The execution of sequences of
instructions 1s not limited to any specific combination of
hardware circuitry and software instructions.

Generator stator 120 1s electrically coupled to a stator
synchronizing switch 206 via a stator bus 208. In an exem-
plary embodiment, to facilitate the DFIG configuration,
generator rotor 122 1s electrically coupled to a bi-directional
power conversion assembly 210 via a rotor bus 212. Alter-
natively, generator rotor 122 1s electrically coupled to rotor
bus 212 via any other device that facilitates operation of
clectrical and control system 200 as described herein. As a
further alternative, electrical and control system 200 1is
configured as a full power conversion system (not shown)
that includes a full power conversion assembly (not shown
in FIG. 2) similar in design and operation to power conver-
sion assembly 210 and electrically coupled to generator
stator 120. The tull power conversion assembly facilitates
channeling electric power between generator stator 120 and
an electric power transmission and distribution grnid (not
shown). In the exemplary embodiment, stator bus 208
transmits three-phase power from generator stator 120 to
stator synchronizing switch 206. Rotor bus 212 transmits
three-phase power from generator rotor 122 to power con-
version assembly 210. In the exemplary embodiment, stator
synchronizing switch 206 1s electrically coupled to a main
transformer circuit breaker 214 via a system bus 216. In an

alternative embodiment, one or more fuses (not shown) are
used instead of main transformer circuit breaker 214. In
another embodiment, neither fuses nor main transformer
circuit breaker 214 1s used.

Power conversion assembly 210 includes a rotor filter 218
that 1s electrically coupled to generator rotor 122 via rotor
bus 212. A rotor filter bus 219 electrically couples rotor filter
218 to a rotor-side power converter 220, and rotor-side
power converter 220 1s electrically coupled to a line-side
power converter 222. Rotor-side power converter 220 and
line-side power converter 222 are power converter bridges
including power semiconductors (not shown). In the exem-
plary embodiment, rotor-side power converter 220 and line-
side power converter 222 are configured 1n a three-phase,
pulse width modulation (PWM) configuration including
insulated gate bipolar transistor (IGBT) switching devices
(not shown 1 FIG. 2) that operate as known 1in the art.
Alternatively, rotor-side power converter 220 and line-side
power converter 222 have any configuration using any
switching devices that facilitate operation of electrical and
control system 200 as described herein. Power conversion
assembly 210 1s coupled 1n electronic data communication
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with turbine controller 202 to control the operation of
rotor-side power converter 220 and line-side power con-
verter 222.

In the exemplary embodiment, a line-side power con-
verter bus 223 electrically couples line-side power converter
222 to a line filter 224. Also, a line bus 225 clectrically
couples line filter 224 to a line contactor 226. Moreover, line
contactor 226 1s electrically coupled to a conversion circuit
breaker 228 via a conversion circuit breaker bus 230. In
addition, conversion circuit breaker 228 1s electrically
coupled to main transformer circuit breaker 214 via system
bus 216 and a connection bus 232. Alternatively, line filter
224 1s electrically coupled to system bus 216 directly via
connection bus 232 and includes any suitable protection
scheme (not shown) configured to account for removal of
line contactor 226 and conversion circuit breaker 228 from
clectrical and control system 200. Main transformer circuit
breaker 214 1s electrically coupled to an electric power main
transformer 234 via a generator-side bus 236. Main trans-
tformer 234 1s electrically coupled to a grid circuit breaker
238 via a breaker-side bus 240. Gnid circuit breaker 238 1s
connected to the electric power transmission and distribution
orid via a grid bus 242. In an alternative embodiment, main
transformer 234 1s electrically coupled to one or more fuses
(not shown), rather than to grid circuit breaker 238, via
breaker-side bus 240. In another embodiment, neither fuses
nor grid circuit breaker 238 1s used, but rather main trans-
tformer 234 1s coupled to the electric power transmission and
distribution grid via breaker-side bus 240 and grid bus 242.

In the exemplary embodiment, rotor-side power converter
220 1s coupled 1n electrical communication with line-side
power converter 222 via a single direct current (DC) link
244. Alternatively, rotor-side power converter 220 and line-
side power converter 222 are electrically coupled via indi-
vidual and separate DC links (not shown in FIG. 2). DC link
244 1ncludes a positive rail 246, a negative rail 248, and at
least one capacitor 2350 coupled between positive rail 246
and negative rail 248. Alternatively, capacitor 250 includes
one or more capacitors configured 1n series and/or 1n parallel
between positive rail 246 and negative rail 248.

Turbine controller 202 1s configured to receive a plurality
of voltage and electric current measurement signals from a
first set of voltage and electric current sensors 252. More-
over, turbine controller 202 i1s configured to monitor and
control at least some of the operational variables associated
with wind turbine 100. In the exemplary embodiment, each
of three voltage and electric current sensors 252 are elec-
trically coupled to each one of the three phases of grid bus
242. Alternatively, voltage and electric current sensors 252
are electrically coupled to system bus 216. As a further
alternative, voltage and electric current sensors 252 are
clectrically coupled to any portion of electrical and control
system 200 that facilitates operation of electrical and control
system 200 as described herein. As a still further alternative,
turbine controller 202 1s configured to receive any number of
voltage and electric current measurement signals from any
number of voltage and electric current sensors 252 includ-
ing, but not limited to, one voltage and electric current
measurement signal from one transducer.

As shown 1n FIG. 2, electrical and control system 200 also
includes a converter controller 262 that 1s configured to
receive a plurality of voltage and electric current measure-
ment signals. For example, in one embodiment, converter
controller 262 receives voltage and electric current measure-
ment signals from a second set of voltage and electric
current sensors 254 coupled 1n electronic data communica-
tion with stator bus 208. Converter controller 262 receives
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a third set of voltage and electric current measurement
signals from a third set of voltage and electric current
sensors 2356 coupled 1n electronic data communication with
rotor bus 212. Converter controller 262 also receives a
fourth set of voltage and electric current measurement
signals from a fourth set of voltage and electric current
sensors 264 coupled 1n electronic data communication with
conversion circuit breaker bus 230. Second set of voltage
and electric current sensors 254 1s substantially similar to
first set of voltage and electric current sensors 252, and
fourth set of voltage and electric current sensors 264 1is
substantially similar to third set of voltage and electric
current sensors 256. Converter controller 262 1s substan-
tially similar to turbine controller 202 and 1s coupled in
clectronic data communication with turbine controller 202.
Moreover, in the exemplary embodiment, converter control-
ler 262 1s physically integrated within power conversion
assembly 210. Alternatively, converter controller 262 has
any configuration that facilitates operation of electrical and
control system 200 as described herein.

During operation, wind impacts blades 108 and blades
108 transform wind energy into a mechanical rotational
torque that rotatably drives low-speed shait 112 via hub 110.
Low-speed shaft 112 drives gearbox 114 that subsequently
steps up the low rotational speed of low-speed shait 112 to
drive high-speed shaft 116 at an increased rotational speed.
High speed shaft 116 rotatably drives generator rotor 122. A
rotating magnetic field 1s induced by generator rotor 122 and
a voltage 1s mduced within generator stator 120 that is
magnetically coupled to generator rotor 122. Generator 118
converts the rotational mechanical energy to a sinusoidal,
three-phase alternating current (AC) electrical energy signal
in generator stator 120. The associated electrical power 1s
transmitted to main transformer 234 wvia stator bus 208,
stator synchronizing switch 206, system bus 216, main
transformer circuit breaker 214 and generator-side bus 236.
Main transformer 234 steps up the voltage amplitude of the
clectrical power and the transformed electrical power 1is
turther transmitted to a grid via breaker-side bus 240, grid
circuit breaker 238 and grid bus 242.

In the exemplary embodiment, a second electrical power
transmission path 1s provided. Electrical, three-phase, sinu-
soidal, AC power 1s generated within generator rotor 122
and 1s transmitted to power conversion assembly 210 via
rotor bus 212. Within power conversion assembly 210, the
clectrical power 1s transmitted to rotor filter 218 and the
clectrical power 1s modified for the rate of change of the
PWM signals associated with rotor-side power converter
220. Rotor-side power converter 220 acts as a rectifier and
rectifies the sinusoidal, three-phase AC power to DC power.
The DC power 1s transmitted into DC link 244. Capacitor
250 facilitates mitigating DC link 244 voltage amplitude
variations by facilitating mitigation of a DC ripple associ-
ated with AC rectification.

The DC power 1s subsequently transmitted from DC link
244 to line-side power converter 222 and line-side power
converter 222 acts as an imverter configured to convert the
DC electrical power from DC link 244 to three-phase,
sinusoidal AC electrical power with pre-determined volt-
ages, currents, and frequencies. This conversion 1s moni-
tored and controlled via converter controller 262. The con-
verted AC power 1s transmitted from line-side power
converter 222 to system bus 216 via line-side power con-
verter bus 223 and line bus 225, line contactor 226, con-
version circuit breaker bus 230, conversion circuit breaker
228, and connection bus 232. Line filter 224 compensates or
adjusts for harmonic currents in the electric power trans-
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mitted from line-side power converter 222. Stator synchro-
nizing switch 206 1s configured to close to facilitate con-
necting the three-phase power from generator stator 120
with the three-phase power from power conversion assem-
bly 210.

Conversion circuit breaker 228, main transformer circuit
breaker 214, and grid circuit breaker 238 are configured to
disconnect corresponding buses, for example, when exces-
sive current flow may damage the components of electrical
and control system 200. Additional protection components
are also provided including line contactor 226, which may
be controlled to form a disconnect by opening a switch (not
shown 1n FIG. 2) corresponding to each line of line bus 225.

Power conversion assembly 210 compensates or adjusts
the frequency of the three-phase power from generator rotor
122 for changes, for example, in the wind speed at hub 110
and blades 108. Therefore, 1n this manner, mechanical and
clectrical rotor frequencies are decoupled from stator fre-
quency.

Under some conditions, the bi-directional characteristics
of power conversion assembly 210, and specifically, the
bi-directional characteristics of rotor-side power converter
220 and line-side power converter 222, facilitate feeding
back at least some of the generated electrical power 1nto
generator rotor 122. More specifically, electrical power 1s
transmitted from system bus 216 to connection bus 232 and
subsequently through conversion circuit breaker 228 and
conversion circuit breaker bus 230 into power conversion
assembly 210. Within power conversion assembly 210, the
clectrical power 1s transmitted through line contactor 226,
line bus 225, and line-side power converter bus 223 into
line-side power converter 222. Line-side power converter
222 acts as a rectifier and rectifies the sinusoidal, three-phase
AC power to DC power. The DC power 1s transmitted into
DC link 244. Capacitor 250 facilitates mitigating DC link
244 voltage amplitude variations by facilitating mitigation
of a DC ripple sometimes associated with three-phase AC
rectification.

The DC power 1s subsequently transmitted from DC link
244 to rotor-side power converter 220 and rotor-side power
converter 220 acts as an mverter configured to convert the
DC electrical power transmitted from DC link 244 to a
three-phase, sinusoidal AC electrical power with pre-deter-
mined voltages, currents, and frequencies. This conversion
1s monitored and controlled via converter controller 262.
The converted AC power 1s transmitted from rotor-side
power converter 220 to rotor filter 218 via rotor filter bus
219 and 1s subsequently transmitted to generator rotor 122
via rotor bus 212, thereby facilitating sub-synchronous
operation.

Power conversion assembly 210 1s configured to receive
control signals from turbine controller 202. The control
signals are based on sensed conditions or operating charac-
teristics of wind turbine 100 and electrical and control
system 200. The control signals are received by turbine
controller 202 and used to control operation of power
conversion assembly 210. Feedback from one or more
sensors may be used by electrical and control system 200 to
control power conversion assembly 210 via converter con-
troller 262 including, for example, conversion -circuit
breaker bus 230, stator bus and rotor bus voltages or current
teedbacks via second set of voltage and electric current
sensors 254, third set of voltage and electric current sensors
256, and fourth set of voltage and electric current sensors
264. Using this feedback information, and for example,
switching control signals, stator synchronizing switch con-
trol signals and system circuit breaker control (trip) signals
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may be generated 1n any known manner. For example, for a
orid voltage transient with predetermined characteristics,
converter controller 262 will at least temporarily substan-
tially suspend the IGBTs from conducting within line-side
power converter 222. Such suspension of operation of
line-side power converter 222 will substantially mitigate
clectric power being channeled through power conversion
assembly 210 to approximately zero.

FIG. 3 1s an exemplary flowchart to represent a method of
operating at least one wind turbine 300. A plurality of stress
events are determined 310, and at least one accumulated
stress 1s determined 320 for example based at least partially
on at least two of the plurality of stress events. At least one
lifetime (e.g. a residual lifetime of the wind turbine) is
determined 330 which 1s based at least partially on the at
least one accumulated stress, and the at least one lifetime 1s
optionally displayed 340.

In an embodiment, the stress events can be determined by
the feedback from at least one component and/or active
system 1n the wind turbine such as the active yaw system.
For example, the stress can be related to the required or
applied yaw torque to control the position of the nacelle, so
that by determining the torque (e.g. an applied signal pro-
portionate to the mechanical torque) applied on the nacelle
during an orienting process (for example due to a change 1n
wind direction), the stress event can be determined. Stress
events from other components and systems of the wind
turbine can also be determined; for example the pitch and/or
generator are also subject to stress; pitch system torques, the
generator, and drive train can also be used to determine
stress events. Stress events can be recorded, for example by
a computer and/or memory, and optionally time-stamped.
For example a stress event record and/or determination may
comprise any combination of: a time stamp, an ID of which
wind turbine within a plurality of wind turbines received the
stress event, an ID of the component receiving the stress
event, an ID of the sub-component recerving the stress event
(and sub-sub-component etc.), the magmtude of the stress
event, and an 1indication of the disposition of the stress event
(c.g. whether 1t 1s a compressive or tensile stress). Alterna-
tively or additionally, the stress events can be determined
and/or recorded at specified time intervals. Stress events
may also be determined by the operation of sensors, such as
strain gauges, which may be 1n communication with the
controller or recording device. In an embodiment, a raintlow
count algorithm can be used to determine the plurality of
stress events of at least one component of the at least one
wind turbine.

In an embodiment, an accumulated stress can be deter-
mined by performing a calculation based at least partially on
at least two of the stress events. For example, a real-time
algorithm, for example executed by a computer, micropro-
cessor and/or controller, updates the accumulated stress
based on a previously recorded accumulated stress that was
based on at least one previous stress event. Alternatively or
additionally, an algorithm calculates an accumulated stress
based on a plurality of stresses, which may be recorded. The
algorithm can be based on a rainflow counting algorithm, for
example.

In an embodiment, at least one accumulated stress can be
determined (e.g. calculated), for example an accumulated
stress of any one or more of the following components: a
yaw component, the yaw system, the generator, drive train,
and pitch system, and components thereof. For example, the
determined (e.g. recorded) stresses of each component are
used 1n determining each component’s accumulated stress,
yielding a plurality of accumulated stresses, each associated
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with a particular component. Furthermore, each accumu-
lated stress can also be associated with a particular wind
turbine 1n a wind farm. The accumulated stresses may take
the form of a scalar value, an array of scalar values, a vector,
and/or a matrix. Furthermore, the accumulated stresses can
take the form of multidimensional arrays, such as for
example, for each wind turbine and component thereof, a
histogram of stress magnitudes reached in the plurality of
stress events, optionally recorded over a duration of wind
turbine (and/or wind farm) operation.

FIG. 4 shows an exemplary histogram 400 of stress
events, €.g. a histogram of magnitudes of a plurality of stress
events, chosen arbitrarily so as to aid 1n the detailed descrip-
tion, and are not intended to be limiting. The position of the
bins 430 on the vertical axis 410 indicates the magnmitude or
range ol magnitudes of the stress events. The horizontal
length, parallel to the horizontal axis 420, of the bins
represent the number of stress events, which may be full
stress cycles or half-cycles or the like. Thus, for example,
determinations regarding the number of stress events of a
given stress (€.g. a given range of stress) can be represented
by each bin, and each bin of the histogram can determine the
number of stress events within a given range of stress or near
an average stress of the range illustrated by the width of the
bin. For example the top-most bin 450 may represent n (e.g.
n=30) stress events within a range of stress magnitude
corresponding to the width of the bin (in the vertical
direction) and placement thereof on the vertical axis of FIG.
4. Other stress events that occur at lesser stress magnitudes
are also 1llustrated in FIG. 4, according to theirr magnitudes
and number of events, 1n the other bins. Histograms such as
that illustrated 1n FIG. 4 can serve as the accumulated stress
that 1s determined 320 for example 1n a method of operating,
at least one wind turbine 300 as illustrated in FIG. 3.
Alternatively or additionally, the determination of at least
one accumulated stress 1s based on at least partially the
histrogram of stress events. In an embodiment, determining,
the plurality of stress events 310 produces a histogram of
stress events.

In an embodiment, a rainflow counting algorithm can be
used for determining the accumulated stress 320 and/or the
lifetime 330 such as the residual lifetime.

FIG. 5 shows an exemplary known or estimated S-N
curve 500, or Wohler curve, and a corresponding S-N
histogram 501. The vertical axis 510 represents a variable
stress magnitude, and the horizontal axis 520 represents the
number of cycles to failure and/or breakage. For example,
the left-most bin 550 represents the highest range of stress,
or highest average stress, for which there are the fewest
number of cycles to failure. Generally, the number of cycles
to failure increases as the magmitude of the stress decreases,
as 1s 1llustrated by the progressively smaller bins as the S-N
histogram 1s read from left to right. Typically the S-N curve
becomes flat at small values of stress, so that stress events
of low magnitude (1.e. weakly stressiul events) contribute
little, possibly negligibly, to the accumulated stress.

A lifetime, such as at least one of a consumed lifetime and
a residual lifetime, can be determined based at least partially
on an accumulated stress, for example by comparing the
accumulated stress to a design value and/or predicted stress,
which can be based at least partially on design parameters
such as a known or estimated S-N curve or histogram (i.e.
relations between stress magnitudes and number of cycles
thereot to failure).

Alternatively or additionally, Miner’s rule or a variant
thereol can be used to estimate a lifetime. For example, in
the following equation for accumulated stress, AS,
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AS = Zk:
i=1

1 1s an mdex for example corresponding to the plurality of

stresses 1llustrated 1n the bins of the histogram of FIG. 4 over

which the summation 1s made; k 1s the number of bins; n, 1s
the number of stress events at a given stress magnitude (e.g.
given by the length of the i” bin of FIG. 4); N, is the number
of stress events of a given magnitude that will cause a failure
(c.g. given by the position on the horizontal axis of the
corresponding bin of FIG. 5 [1.e. the bin of FIG. § with the
same stress magnitude as the i’ bin of FIG. 4]). In an
embodiment, the consumed lifetime 1s the same scalar value
as the accumulated stress, AS; optionally, the residual life-
time 1s 1-AS. Lifetimes expressed thusly can be considered
fractional lifetimes, so that when AS=1, the component can
be considered as having accumulated stress events so that 1t
has reached 1ts lifetime (e.g. expected lifetime or expected
working lifetime).

In an embodiment, the accumulated stress AS 1s compared
to a predicted stress, C,, (for example C =1), making a
comparison (e.g. AS/C, or AS/1). A predicted stress, C,,
from approximately 0.7 to 1.5 can be used, such as 0.8, 0.9,
1.1, or 1.2, so that a ratio for example, e.g. AS/C,, can be the
comparison. In an embodiment, a consumed lifetime can be
expressed as being at least partially deter mined from a
predicted or design lifetime, T, such as t_,, o (AS/C))
To; alternatively or additionally a residual lifetime can be
expressed as T,z (1 -AS/C )t,. The residual lifetime
can be optionally displayed, and optionally used at least
partially as the basis for adjusting at least one operational
setting of any of the at least one wind turbine.

In an embodiment, the at least one accumulated stress 1s
compared to a predicted stress to make a comparison. The
comparison can optionally be at least part of the basis for at
least one of: adjusting at least one operational setting of the
at least one wind turbine, and determining whether to wait
or adjust at least one operational setting of the at least one
wind turbine. In an embodiment, the stress events are
determined from at least one component of: pitch, yaw, drive
train, and generator components.

For example, a wind turbine component has a design
lifetime or predicted lifetime of T, years (e.g. T,=20 years),
at which the predicted accumulated stress, or predicted
stress, of the component has a value of C , (e.g. C ,=1), and
the component has a known or predicted S-N curve. At time
t, a plurality of stress events of the component have been or
are determined, and are used to determine an accumulated
stress, AS,. The accumulated stress can optionally be used to
determine a residual lifetime, T, ~(1-AS,/C )t,. Alterna-
tively or additionally, the accumulated stress can be used to
determine a comparison, such as the ratio of residual lifetime
at time t to the predicted residual lifetime at time t, for
example, comparison=t_/T,_,, where T, =T,-t1, 1.e. T, , 1s the
expected residual lifetime at time t. For example, a com-
parison >1 can indicate that the residual lifetime 1s more than
the predicted residual lifetime, and a comparison <1 can
indicate that the residual lifetime 1s less than the predicted
residual lifetime. In an embodiment, a determination as to
whether to wait or adjust at least one operational setting of
the wind turbine can be made at least partially on the
comparison. Alternatively or additionally, an adjustment to
at least one operational setting of the wind turbine can be

made at least partially on the comparison.
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In an embodiment, a consumed lifetime 1s determined at
least partially on the basis of the at least one accumulated
stress. Optionally, the consumed lifetime 1s displayed, and/
or used at least partially as the basis for adjusting at least one
operational setting of the wind turbine. For example, the
consumed lifetime 1s compared to a predicted consumed
lifetime. If, at time t, the consumed lifetime 1s greater than
the predicted consumed lifetime, an operational setting can
be optionally adjusted 1n order to reduce the likelithood
and/or magnitude of stress events, e.g. future stress events;
otherwise, an operational setting can be optionally adjusted
in order to increase energy production.

FIG. 6 1illustrates an exemplary flowchart to represent a
method of operating at least one wind turbine 300. A
plurality of stress events are determined 310, and at least one
accumulated stress 1s determined 320 for example based at
least partially on at least two of the plurality of stress events.
At least one lifetime (e.g. a residual lifetime of the wind
turbine) 1s determined 330 which 1s based at least partially
on the at least one accumulated stress, and the at least one
lifetime 1s optionally displayed 345. At least one operational
setting 1s adjusted 350, which can be based on at least one
of the following: a lifetime such as residual or consumed
lifetime; an accumulated stress; and a comparison such as a
comparison of an accumulated stress and a predicted stress,
a residual lifetime and a predicted residual lifetime, and/or
a consumed lifetime and a predicted consumed lifetime and
a past or projected annual energy production. It 1s contem-
plated that the determination of lifetimes can be based on
accumulated stress and/or comparisons of accumulated
stress, as previously explained.

FIG. 7 1llustrates an exemplary flowchart to represent a
method of operating at least one wind turbine 300. A wind
turbine 1s operated 710, and a plurality of stress events are
determined 310. At least one accumulated stress 1s deter-
mined 320 for example based at least partially on at least two
of the plurality of stress events. A determination whether to
make an adjustment 740 1s made, which can be based on at
least one of the following: a lifetime such as residual or
consumed lifetime; an accumulated stress; and a comparison
such as a comparison of an accumulated stress and a
predicted stress, a residual lifetime and a predicted residual
lifetime, and/or a consumed lifetime and a predicted con-
sumed lifetime. Optionally, the adjustment to the operation
ol at least one wind turbine 1s made 350.

In an embodiment, an adjustment to the operation of at
least one wind turbine 350 1s made after a finite number of
cycles of steps of operating a wind turbine 710, determining
stress event(s) 310, determining at least one accumulated
stress 320 and determining whether to make an adjustment
740.

In an example, a wind park of a number of wind turbines
1s operating, and accumulated stresses are determined for
cach of the wind turbines. The accumulated stresses from
cach wind turbine 1s compared with the accumulated stress
from every other wind turbine. The operational settings of at
least one of the wind turbines 1s adjusted, which changes the
load distribution among at least two of the wind turbines.
For example, if a first wind turbine 1s upwind from a second
wind turbine, and the accumulated stress of the first wind
turbine 1s greater than the accumulated stress of the second
wind turbine, the operational settings of the first wind
turbine are adjusted to reduce stress on 1t, which changes the
load distribution among the first and second wind turbine.
For example, the load on the first wind turbine 1s reduced,
and the second wind turbine 1s increased. Alternatively or
additionally, the consumed or residual lifetimes of the wind

10

15

20

25

30

35

40

45

50

55

60

65

12

turbines are compared, and adjustments are made to reduce
the stress on wind turbines with relatively high consumed
lifetimes (and/or relatively low residual lifetimes) by chang-
ing the load distribution among the wind turbines. In an
embodiment, the adjustment of the operational setting
reduces the mnequality of the load distribution among at least
two wind turbines.

A wind turbine or wind turbine park adapted for the
operational methods described herein are also contemplated.
For example, a wind turbine 1s contemplated, comprising: a
tower supporting a nacelle, the nacelle supporting at least
one blade for receiving wind energy, and at least one
controller adapted for the methods of controlling a wind
turbine disclosed herein, for example 1n FIGS. 3, 6, and 7.
For example, the controller: determines a plurality of stress
events of at least one component of the wind turbine (such
as a pitch, yaw, or generator component), determines at least
one accumulated stress from at least two of the stress events.
Typically, the controller determines at least one of: at least
one residual lifetime, at least one consumed lifetime; and the
lifetimes are at least partially based on the accumulated
stress. Optionally, the controller adjusts at least one opera-
tional setting, for example the controller determines whether
to make an adjustment based on the residual lifetime and/or
the consumed lifetime. A wind park comprising a plurality
of wind turbines 1s also contemplated.

The above-described systems and methods facilitate oper-
ating a wind turbine or wind park. More specifically, the
accumulated stress on a wind turbine or group of wind
turbines 1s determined and can be used to determine whether
to adjust the operational settings. Furthermore, the opera-
tional settings can be adjusted based on the accumulated
stress, which can have the increase energy capture, reduce
stress, and/or increase the operational lifetime.

Exemplary embodiments of systems and methods for
operating at least one wind turbine are described above 1n
detail. The systems and methods are not limited to the
specific embodiments described herein, but rather, compo-
nents of the systems and/or steps of the methods may be
utilized independently and separately from other compo-
nents and/or steps described herein. For example, methods
of operating wind turbines are provided, and are not limited
to practice with only the wind turbine systems as described
herein. Rather, the exemplary embodiment can be 1mple-
mented and utilized 1 connection with many other rotor
blade applications.

Although specific features of various embodiments of the
invention may be shown in some drawings and not 1n others,
this 1s for convenience only. In accordance with the prin-
ciples of the mvention, any feature of a drawing may be
referenced and/or claimed 1n combination with any feature
of any other drawing.

This written description uses examples to disclose the
invention, mcluding the best mode, and also to enable any
person skilled 1n the art to practice the invention, including
making and using any devices or systems and performing
any 1ncorporated methods. While various specific embodi-
ments have been disclosed in the foregoing, those skilled 1n
the art will recognize that the spirit and scope of the claims
allows for equally eflective modifications. Especially, mutu-
ally non-exclusive features of the embodiments described
above may be combined with each other. The patentable
scope of the mvention 1s defined by the claims, and may
include other examples that occur to those skilled 1n the art.
Such other examples are intended to be within the scope of
the claims 1f they have structural elements that do not differ
from the literal language of the claims, or if they include
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equivalent structural elements with insubstantial differences
from the literal language of the claims.

What 1s claimed 1s:

1. A method of operating at least one wind turbine,
comprising;

determining, via one or more sensors, a plurality of stress

cevents of at least one component of the at least one
wind turbine;

calculating, via a computer-implemented rainflow count-

ing algorithm programmed 1n a controller, at least one
accumulated stress from at least two of the plurality of
stress events;

determining, via the controller, a ratio of the at least one

accumulated stress to a predicted stress of the at least
one component;

determining, via another computer-implemented rainflow

counting algorithm programmed 1n the controller, at
least one residual lifetime based at least partially on the
ratio; and

adjusting at least one operational setting of the at least one

wind turbine based on the at least one residual lifetime,
the operational setting comprising at least one of a
power level, a pitch angle, a yaw angle, or a generator
speed of the wind turbine.

2. The method of claim 1, further comprising determining,
whether to wait or to adjust the at least one operational
setting of the at least one wind turbine based on the at least
one residual lifetime.

3. The method of claim 1, further comprising determining,
whether to wait or to adjust the at least one operational
setting ol the at least one wind turbine based on the
comparison.

4. The method of claim 1, wherein the at least one
component 1s a pitch, yaw, or generator component.

5. The method of claim 1, wherein determining the
plurality of stress events further comprises producing a
histogram of stress events.

6. The method of claim 5, wherein the determining at least
one accumulated stress 1s based on at least partially the
histogram of stress events.

7. A method of operating at least one wind turbine,
comprising:

determining, via one or more sensors a plurality of stress

events ol at least one component of the at least one
wind turbine;
calculating, via a controller, at least one accumulated
stress from at least two of the plurality of stress events;

determining, via the controller, a ratio of the at least one
accumulated stress to a predicted stress of the at least
one component;

determining, via a computer-implemented rainflow count-

ing algorithm programmed 1n the controller, at least one
residual lifetime based at least partially on the ratio;
and

adjusting at least one operational setting of any of the at

least one wind turbine based on the at least one residual
lifetime, the operational setting comprising at least one
of a power level, a pitch angle, a yaw angle, or a
generator speed of the wind turbine.

8. The method of claim 7, further comprising determining
a consumed lifetime at least partially based on the at least
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one accumulated stress, wherein the adjusting 1s at least
partially based on the consumed lifetime.
9. The method of claim 8, further comprising:
determiming whether to make an adjustment to at least one
operational setting of the wind turbine based at least
partially on the at least one accumulated stress, and

adjusting at least one operational setting of at least one
wind turbine based on the consumed lifetime.

10. The method of claim 7, further comprising adjusting
at least one operational setting of at least two wind turbines
so as to change a load distribution among the at least two
wind turbines, and wherein the adjusting step reduces an
inequality of the load distribution among the at least two
wind turbines.

11. The method of claim 7, wherein the adjusting 1s
further based at least partially on an annual energy produc-
tion.

12. The method of claim 7, wherein the at least one
component 1s a pitch, yaw, or generator component.

13. The method of claim 7, wherein the determining a
plurality of stress events of at least one component of the at
least one wind turbine 1s based at least partially on another
rainflow counting algorithm.

14. The method of claim 7, wherein determining the
plurality of stress events of at least one component of the at
least one wind turbine further comprises producing a histo-
gram ol stress events.

15. A wind turbine comprising:

a tower supporting a nacelle, wherein the nacelle supports

at least one blade for receiving wind energy, and

at least one controller adapted for

determining, via one or more sensors, a plurality of

stress events of at least one component of the wind
turbine, wherein the at least one component 1s a
pitch, yaw, or generator component,
calculating, via a computer-implemented raintlow
counting algorithm programmed 1n the controller, at
least one accumulated stress from at least two of the
plurality of stress events,
determining, via the controller, a ratio of the at least one
accumulated stress to a predicted stress of the at least
one component;
determining, via another computer-implemented rain-
flow counting algorithm programmed 1n the control-
ler, at least one residual lifetime based at least
partially on the ratio, and
adjusting at least one operational setting of the wind
turbine based on the at least one residual lifetime, the
operational setting comprising at least one of a
power level, a pitch angle, a yaw angle, or a gen-
erator speed of the wind turbine.
16. The wind turbine of claim 15, wherein the controller
1s Turther adapted for:
determining a consumed lifetime at least partially based
on the at least one accumulated stress, and
determiming whether to make an adjustment to at least one
operational setting based on at least one of: the residual
lifetime or the consumed lifetime.
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INVENTORC(S) - Wickstrom

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims

In Column 13, Line 43, 1n Claim 7, delete “sensors a”° and 1nsert -- sensors, a --, therefor.
In Column 14, Line 31, 1n Claim 15, delete “energy,” and insert -- energy; --, therefor.
In Column 14, Line 32, 1n Claim 15, delete “for” and insert -- for: --, therefor.

In Column 14, Line 57, in Claim 16, delete ““stress,” and insert -- stress; --, therefor.
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